ABSTRACT: THe effect of three levels of non-phytate phosphorus (NPP) (3.0, 2.1, and 1.7 g/kg) and two levels of 3-phytase (F) (0 and 150 phytase units (FTU)/kg) together with a high dietary calcium concentration (approximately 41.0 g/kg) on the performance characteristics, egg quality, pH of the digestive tract, and tibia bone quality of ISA Brown hens housed in enriched cages was evaluated. THe diets with 3.0 g/kg of NPP with and without F and 2.1 g/kg of NPP with 150 FTU of F significantly increased egg production (P = 0.022) and daily egg mass production (P = 0.030). A low level of NPP decreased (P < 0.001) the body weight of hens at the end of the experiment. THe highest values of albumen height (P < 0.001), albumen index (P = 0.004), Haugh units (P = 0.001), and albumen percentage (P = 0.004) were associated with the diet with the low level of dietary NPP without F addition. THe low level of NPP with 3-phytase increased the calcium and phosphorus contents in eggshells (P = 0.002 and P = 0.050). THe lowest values of dry matter (P < 0.001) and ash content in tibia bone (P = 0.040) were measured for the hens fed the diet with 3.0 g/kg of NPP and 3-phytase supplementation. In addition, the low level of phosphorus without F addition increased (P = 0.031) the pH value in the small intestine to 6.21. In conclusion, 2.1 g of NPP with 150 FTU was found to be sufficient in the diet of hens in the middle of the laying cycle housed in enriched cages. But with respect to egg quality, higher calcium content decreased positive effect of F addition in diets with different levels of phosphorus.
Calcium (Ca) and phosphorus (P) are essential nutrients for various biochemical pathways and skeletal integrity in poultry. Reducing the dietary levels of Ca and P significantly decreased the bone quality (Swiatkiewicz and Arczewska-Wlosek, 2012) . The physiological roles of these two macro minerals are intricately linked (Selle et al., 2009 ). There is a significant interaction between dietary Ca and P, and an improper ratio of Ca to P could depress growth performance in broilers (Hulan et al., 1985; Rao et al., 2003 Rao et al., , 2006 . This issue is more difficult to address in hens than in chickens because of hens' high calcium needs. An excess of Ca in hens' diets can cause antagonism of the absorption of minerals (P, magnesium, manganese, zinc), influencing the maintenance of the homeostasis of these minerals and, through the formation of Ca-phytate complexes, reducing the efficacy of phytase (F) (Driver et al., 2005; Selle et al., 2009) . In addition, a high Ca content in the diet may reduce the energy value of the diet through the chelation of lipids (Driver et al., 2005) . On the other hand, reducing the concentration of dietary Ca has been reported to improve F efficacy and phytate-P availability. However, this is often at the expense of optimal skeletal integrity (Wilkinson et al., 2011) . For good growth performance and egg quality, Skřivan et al. (2010) recommend 2.7 g/kg of available phosphorus (AP) in a wheat-based diet and 3.0 g/kg of AP in a maize-based diet for hens with an intake of 115 g of feed containing 35 g/kg Ca. According to analyses of the model, Ahmadi and Rodehutscord (2012) showed that diets based on corn and soybean meal containing 2.2 g/kg of nonphytate P (NPP) without supplemental F resulted in high egg production, egg mass, and feed efficiency in layers. In the presence of 150, 300, and 400 phytase units (FTU)/kg of feed, the dietary NPP level may be decreased, and optimal levels were calculated as being 1.8, 1.5, and 1.4 g/kg, respectively. In addition, Al-Massad et al. (2011) found that 1.2 g/kg NPP appears to be sufficient for maintaining production performance and eggshell quality in hens fed a corn-soybean meal diet containing 34 g/kg Ca and supplemented with F. On the other hand, Castillo et al. (2004) showed that the biological optimum levels of Ca for maximum egg production and specific gravity were 43.4 and 46.0 g/kg, respectively, and the economic optimum level for maximizing profits was 43.8 g/kg in diets containing 4.0 g/kg AP.
High calcium or phosphorus levels in the intestine reduce the absorption of both. Decreasing in solubility of minerals complexes as a result of increased ileal pH by the relatively high concentration of calcium was mentioned by Shafey (1993) . Sheikhlar et al. (2009) showed that wide Ca : P ratio increased (P < 0.05) the retention of P. In addition, Ca and P of tibia linearly decreased as dietary NPP levels were reduced (Lim et al., 2001) .
F addition has been found to overcome the adverse effects associated with low intake of inorganic P by animals and significantly reduce the effect of low levels of Ca in the diet on the performance of hens (Gordon and Roland, 1998) . Moreover, F improves the bioavailability of Ca and improves eggshell quality at marginal levels of Ca (e.g. 34 g/kg) (Sohail and Roland, 2000) , increases the digestibility of phytate P by approximately 20-45%, and increases retention by approximately 15% (Keshavarz, 2000) . The question is what are the effects of F at higher levels of dietary Ca.
This study on laying hens was therefore performed to determine the effects of higher calcium contents in a diet of wheat and maize with a graded concentration of NPP, with or without microbial F addition, in terms of their performance characteristics, egg quality, pH values of digestive tract segments, and tibia bone quality.
MATERIAL AND METHODS
Hens, husbandry, and diets. Two hundred and forty 37-week-old ISA Brown hens were randomly assigned to 6 dietary treatments with 4 replicate cages at 10 hens per cage. The hens were housed in the same air-conditioned facility in three-floor enriched cages. The cages were equipped with a nest box, perch (150 cm), dust bath, and equipment for the abrasion of claws, conforming to the European Union Council Directive 1999/74/EC (1999). The cage provided 7560 cm 2 of floor area without the nest, 120 cm of feeder, and 3 nipple water dispensers. The room temperature was maintained at 20-22°C. A 16-h photoperiod was applied, and the light intensity was approximately 10 lx in the central storey. A completely randomized experimental design with a 3 × 2 factorial arrangement of treatments was employed: 3 non-phytate phosphorus (NPP) levels (3.0, 2.1, and 1.7 g/kg) and 2 phytase (F) levels (0 and 150 phytase units (FTU)/kg). Natuphos ® (BASF, Ludwigshafen, Germany), a preparation of 3-phytase (EC 3.1.3.8) produced by Aspergillus niger, was chosen as the source of the F. The ingredients and nutrient composition of the wheat-and maize-based diets are listed in Table 1 . Calculations of the nutrient contents were made using standard values (National Research Council, 1994) . All of the diets contained a high calcium level -approximately 41 g/kg (Table 2) . Fine limestone (0.09-0.50 mm grains) and coarse limestone (1.00-2.00 mm grains) was supplied at a ratio of 35 : 65. Feed and fresh water were supplied ad libitum. The experiment lasted for 12 weeks.
The number of eggs and hens and their health status were monitored daily. The hen-day egg production and feed intake were calculated weekly on a per-cage basis. Egg weights were determined once per week. The hens were weighed at the beginning and at the end of the experiment, i.e. at the age of 37 and 49 weeks.
Sampling and analyses. The total P in the diets was assayed using a vanadate-molybdate reagent (AOAC, 2005; method 965.17) . The Ca content in the diets was determined by atomic absorption spectrometry performed using a Solar M6 instrument (TJA Solutions, Cambridge, UK). The phytate P contents of the diets were determined by a capillary isotachophoretic method (Dušková et al., 2001) . The phytase activity of the diets was determined as described by Eeckhout and De Paepe (1994) .
To determine physical parameters, eggs were collected at weeks 40, 43, and 46 of hens' age (Tůmová and Gous, 2012) . All daily egg production was analyzed. A total of 606 eggs were analyzed in the experiment. The albumen, yolk, and shell percentages were determined based on the individual weight of each egg and the weights of its components. The shell weight was measured after drying at 105°C. The albumen and yolk heights were measured using a digital micrometer head IP54 (Swiss Precision Instruments, Inc., Garden Grove, USA). The Haugh units (HU) were calculated as indicated by Haugh (1937) . The shell breaking strength and shell deformation were determined on the vertical axis using an Instron 3360 apparatus (Instron, Norwood, USA). The shell thickness (values measured at the sharp and blunt ends and the equator, and the three obtained values were averaged) was measured using a micrometer after removing the shell membranes. The egg shell index (SI) was calculated as follows (Ahmed et al., 2005) :
where: SW = shell weight S = shell surface EW = egg weight
The albumen index was determined using the formula:
The yolk index was calculated as YI = (yolk height/yolk diameter) × 100
The colour of the yolk was measured using the DSM Yolk Colour Fan (DSM Nutritional Products, Basel, Switzerland).
Analyses of the P and Ca contents of the eggshells were conducted twice during the experiment, at weeks 38 and 44 of hens' age. A total of 576 eggs were analyzed (4 eggs per sample; 6 treatments; n = 24). Dry samples of the eggshells were ashed at 550°C. The P and Ca contents of the dried egg- shells were determined in a manner similar to that described previously for analysis of these elements in the hens' diets. At the end of the experiment, eight hens from each treatment were slaughtered using a CO 2 -based equipment for the euthanasia of poultry (Anieut G.d., Hena s.r.o., Miličín, Czech Republic). The digestive tract of each hen was removed, and the pH in segments such as the crop, gizzard, small intestine, and caecum was immediately measured using a pH meter 3520 ( Jenway, Staffordshire, UK). The right tibia bones were excised from the carcasses, cleaned of all tissue, and frozen at -20°C until processing. The tibia breaking strengths were measured using an Instron 3342 apparatus (Instron) with a 50-kg load cell with a crosshead speed of 50 mm/min. Each tibia was supported on a 5.75-cm span. The broken tibias were later used for other measurements. The tibias underwent a 48-h defattening process under the action of finally evaporating hexan. The bones were dried at 105°C for 24 h, placed in a desiccator, and weighed to determine their fat-free dry weight. Then, the bones were placed in a muffle furnace at 600°C for 24 h and cooled in a desiccator, and the ash weight was recorded.
Statistical analysis. The data from the experiment, with a 3 × 2 full factorial design, were analyzed using Two-Way Analysis of Variance (ANOVA) with the General Linear Models (GLM) procedure of SAS (Statistical Analysis System, Version 8. 2, 2003) . The main effects considered were the concentration of non-phytate phosphorus (NPP), phytase supplementation (F), and the interaction between these two factors (NPP × F). All of the differences were considered to be significant at P < 0.05. The results in the tables are presented as the mean and standard error of the mean (SEM). Table 2 , all of the diets contained high levels of calcium (40.9-41.2 g/kg). The phytase activity of the diets ranged 144-165 FTU/kg for the non-supplemented diets and 255-313 FTU/kg for the diets supplemented with 150 FTU.
RESULTS

As is evident from
With regard to the performance characteristics (Table 3) , the interaction between NPP and F was found to be significant for egg production (P = 0.022) and egg mass (P = 0.030). The highest values were obtained for hens fed the diet with the high level of NPP, with and without F, and the diet with the medium level of NPP with F. F addition significantly decreased egg weight, feed intake, and the feed conversion ratio, compared with treatments without F. The high level of NPP increased egg weight and feed intake. The highest mortality was associated with the treatment with the low NPP level without 3-phytase addition. The body weights at the end of the experiment were considerably lower for hens fed diets with a level of NPP of approximately 1.7 g/kg. Table 4 summarises the results of the analysis of physical egg quality parameters. NPP and F were found to have a significant combined effect on albumen quality characteristics such as albumen height (P < 0.001), albumen index (P = 0.004), Haugh units (P = 0.001), and albumen percentage (P = 0.004). The highest values were measured for eggs laid by the hens fed the diet with the low level of NPP without F addition. The percentage and weight of yolk (P = 0.002 and P = 0.049) and yolk and albumen ratio were the highest in the eggs laid by hens fed the diet with 1.7 g/kg of NPP with 3-phytase. Higher shell weights (P = 0.021) were measured for eggs laid by hens fed the diet with the high level of NPP and hens fed the diets with the medium and low levels of dietary NPP without F supplementation. The highest Ca and P contents (P = 0.002 and P = 0.050) were measured in the shells of eggs laid by hens fed the diet with 1.7 g/kg of NPP with 150 FTU of 3-phytase.
A separate effect of phosphorus on internal and external egg quality parameters was not observed. As shown in Table 5 , the breaking strength of the tibia bone was not influenced by NPP or F. The high level of NPP with F addition significantly decreased the dry matter (P < 0.001) and ash content in the tibia bones (P = 0.040). Phytase supplementation decreased the pH in the crop segment of the digestive tract (P = 0.006), whereas P addition increased the pH in the gizzard segment (P < 0.001) ( Table 6 ). The highest value of pH in the small intestine (P = 0.031) was measured in the hens fed the diet with the low level of NPP without the addition of F.
DISCUSSION
From previous experiments by Skřivan et al. (2010) and Englmaierová et al. (2012) it is evident that a higher concentration of NPP (4.1 and 3.7 g/kg) in the diet has a negative effect on the hen-day egg production, feed intake, and feed conversion ratio. Thus, in the present study, lower levels of NPP were chosen. The high AP level of 3.0 g/kg (unlike the lower levels of 2.1 and 1.7 g/kg) increased the egg production and egg mass production. This finding is consistent with the findings of Skřivan et al. (2010) , who showed that AP levels of 2.7 g/kg in a wheatbased diet and 3.0 g/kg in a maize-based diet are adequate for hens with an intake of 115 g of feed with 35 g/kg of Ca and without F addition and do not have a negative impact on performance or egg quality. The treatment with 2.1 g/kg NPP yielded results for hen-day egg production and egg mass production similar to those obtained with the diet with 3.0 g of NPP/kg, with or without F. Ahmadi and Rodehutscord (2012) stated that on the basis of an evaluation using a full quadratic model, maizesoybean meal-based diets containing 2.2 g/kg of NPP without supplemental F resulted in high egg production, egg mass, and feed efficiency in hens. In the presence of 150, 300, and 400 FTU/kg of feed, the dietary NPP level may be decreased, and the optimal levels were calculated as 1.8, 1.5, and 1.4 g/kg, respectively. At the end of the experiment, the heaviest hens were those from the group with 2.1 g/kg of NPP. The NPP level of 3.0 and 1.7 g/kg decreased live weight by about 100 and 300 g. A low and higher level of NPP in diets with higher Ca contents was the cause of body weight decrease. Garlich et al. (1975) found that body weight gain in hens was significantly reduced by a phosphorus-deficient diet (3.9 g of total P/kg) fed for 21 days. Boling et al. (2000) showed that a 1.0 g of AP/kg diet resulted in significantly lower (P < 0.05) body weights. In addition, live weight of hens fed the 2.0, 2.5, and 4.5 g of AP/kg diets did not significantly differ throughout the experiment from the 21 st to the 70 th week of hens' age (Boling et al., 2000) . On the other hand, Mikaelian and Sell (1981) and Liebert et al. (2005) did not observe an effect of P on body weight.
In this experiment, egg weight increased with increasing NPP in the diet (P = 0.003), while supplementation with 3-phytase decreased egg weight (P < 0.001). Heavier eggs being laid after feeding hens a diet with a higher content of P were also reported by Gordon and Roland (1998) and by Francesch et al. (2005) . The opposite results concerning the effect of F on egg weight were reported by Cabuk et al. (2004) , who noted that F supplementation increased egg weight. Neither Carlos and Edwards (1998) nor Berry et al. (2003) found any significant effect of F on egg weight. In the present experiment, lower egg weight due to F addition was probably caused by lower feed intake and higher egg production in these treatments. In contrast to the performance results, the highest albumen quality was associated with the treatment with the low level of dietary NPP without F supplementation. Skřivan et al. (2010) stated that a high level of AP (4.1 g/kg) in a wheat-based diet significantly (P < 0.001) decreased albumen height, albumen index, and Haugh units (HU). Conversely, Um and Paik (1999) did not detect significant differences in Haugh units or the shell strength of egg laid by hens fed diets containing different levels of P and F. Phytase addition into diets with higher Ca content significantly decreased values of shell thickness (P = 0.001), shell breaking strength (P = 0.005), and ash content (P < 0.001) in tibia bone. These results are not consistent with those of Al-Sharafat et al. (2009) , who reported that F supplementation significantly increased tibia ash and Ca in tibia ash. The negative effect of F observed in the present study could be due to the greater Ca : P ratios (from 7.5 : 1 to 10.5 : 1) in all of the evaluated diets, and F supplementation may have exacerbated this effect by releasing Ca from the phytate complex. Keshavarz (2003) showed that the presence of F reduced several indices of shell quality. On the other hand, 150 FTU of 3-phytase improved the pigmentation of the egg yolk. Similar observations were reported by Kozlowski and Jeroch (2011) . The low content of NPP with 3-phytase significantly increased the P and Ca contents in the shell. The higher storage of the minerals in the shell was probably related to a lower egg production and lower egg weight.
The small intestine is the main part of the digestive tract for Ca and P absorption and is highly affected by intestinal pH. The 3-phytase from Aspergillus niger has two optimal pH levels, 2.5 and 5.0 (Lassen et al., 2001; Tamim et al., 2004) . Significant interaction between NPP and F was found in the pH of the small intestine. The low level of P without F addition was found to have a negative effect on the pH in the small intestine, which increased to 6.21. Shafey et al. (1991) similarly showed that the pH in the small intestine of broilers ranges from 5.5 to 6.6. However, because the pH was within this range, the dietary Ca complexes with the phytate made the phytate unavailable for F activity (Wilkinson et al., 2011) . Nelson (1976) observed negative effects of the Ca level on F activity in the gut. Coincidently, Wilkinson et al. (2011) showed that dietary Ca reduced the efficacy of F, which resulted in decreased phytate-P and increased phosphorus excretion and facilitating the formation of mineral-phytate complexes. Consistently with results of Englmaierová et al. (2012) , the high and medium levels of P increased the pH in the gizzard to a level suitable for F activity.
CONCLUSION
The performance and egg quality of hens was found to depend on the ratio of minerals in the feed mixture. The presence of a higher Ca content negatively affected the impact of F in the diets with different levels of P. With respect to performance, 2.1 g of NPP with 150 FTU was found to be sufficient in the diet of hens housed in enriched cages. A high level of dietary NPP with F addition, in combination with a high concentration of Ca in the diet, negatively affected the chemical composition of the tibia. The highest albumen quality was associated with the diet with 1.7 g of NPP without F addition.
